The process of infection and replication of bacteriophage has played a central role in establishing modern concepts of the genetic function of DNA,1 the intermediate role of a "messenger" RNA2, 3 in the translation of genetic information, and the mechanism of RNA action in the synthesis of specific protein.4 In part, this is due to the fact that the phage-bacteria system is particularly adaptable to operational techniques which can isolate one kind of macromolecular synthesis from the others. Thus, Hershey and Melechen,5 by blocking protein synthesis of T2-infected Escherichia coli B with chloramphenicol, were able to demonstrate the accumulation of large amounts of genetically competent phage DNA that subsequently could be incorporated into mature phage. Experiments with a mutant, E. coli B94, as host revealed that T2-specific RNA, produced in the absence of net protein and DNA synthesis, retains its capacity to function biologically in a subsequent synthesis of infectious T2 particles. 6 Experiments reported here describe an unexpected block in the conversion of bacterial DNA to phage DNA by the analog, 5-fluorodeoxyuridine (FUdR). In the presence of this inhibitor, the synthesis of phage-specific RNA and protein proceeds at about a normal rate, but only DNA from multiply infecting parental phage contributes to the infectious progeny. By combining FUdR with the B94 mutant as host, it is possible to demonstrate that a stepwise dissociation of T2-
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Materials and Methods.-Stocks of E. coli B, E. coli B94, and purified preparations of bacteriophages T2r+ and T7 have been described elsewhere.7' 8 The media, unless stated otherwise, were either a low-phosphate synthetic medium, buffered with Tris at pH 8.0 (ref. 9) or this same medium, fortified with 0.15 M phosphate, at pH 6.5, as previously described. 6 The former medium was useful in p32 incorporation experiments, whereas the latter stabilized infected cells in those experiments involving centrifugation and washing. Incubations were carried out at 370C with aeration. The methods of assay for unadsorbed phage and infected bacteria have been adequately described.10 Total phage (intra-and extracellular) represents that which is present in cultures lysed with chloroform6 and clarified by centrifugation at low speed. Phage production is expressed throughout as phage yield-the ratio of total phage produced per total infected bacteria. Other experimental details are described as part of individual experiments.
FUdR was obtained through Hofman-LaRoche, Inc., and the kind cooperation of R. Duschinsky. The deoxyriboside of hydroxymethylcytosine was a generous gift of I. R. Lehman of Stanford University. Thymidine, deoxyadenosine, and uridine were the chromatographically pure compounds of the California Foundation. The latter compounds, and FUdR, were generally used at a concentration of 30 ,g/ml. P3204 was obtained from the Oak Ridge National Laboratory, while leucine-C14 was purchased from the California Foundation. Methods for measurement of radioactivity have been described. Another possible point of inhibition by FUdR may be on the in vivo conversion of deoxycytidylic acid to hydroxymethyldeoxycytidylic acid (although Cohen et al.' have shown that FUdR has no effect on the hydroxymethylase reaction in vitro). It may be expected that the presence of hydroxymethyldeoxycytidine could overcome the block in T2 DNA production created by FUdR. The addition of this compound at varying concentration levels, however, is completely ineffective in overcoming the FUdR inhibition of T2 production. In this respect, it is noteworthy that we have observed that the production of T7 bacteriophage, whose DNA contains no hydroxymethylcytosine, is unaffected by the presence of FUdR. The complete mechanism of action of FUdR on T2 synthesis remains open to question.
Since, under conditions of multiple infection with T2 and FUdR inhibition, phage yields of about 1 to 3 are obtained, it seems reasonable to assume that, although T2 DNA synthesis from exogenous sources and bacterial DNA may be prevented, the parental phage DNA may serve as the source of progeny DNA. If this is the case, the T2 yield in the presence of FUdR should depend on the amount of available parental DNA. The yield, then, should be a function of the multiplicity of infection. The data shown in Table 2 show that this is essentially the case. With single infection (first two columns), no T2 phage is produced in the presence of FUdR. Where the bacteria are infected with two or more phage particles, yields of about 2 phage per bacterium are obtained. These data indicate that, in the absence of other sources for DNA synthesis, at least two parental DNA molecules must be utilized for the formation of a new DNA molecule. These data may constitute a manifestation of the rejoining of T2 DNA subunits, a subject presently undergoing considerable attention.14 The Nature of T2 DNA Synthesis in the Presence of FUdR.-These experiments were designed to determine directly the sources (parental DNA, host DNA, and exogenous materials) of contribution to progeny T2 DNA in multiply infected E. coli B inhibited with FUdR.
Parental DNA: In these experiments, we compared the specific activity (radioactivity/infectious particle) of purified progeny T2 with the specific activity of the purified P32-labeled parental T2. Thus, any significant contribution to the progeny DNA from the unlabeled bacteria and medium would substantially reduce the specific activity of the progeny. The parental phage was labeled and purified according to the differential centrifugation scheme of Herriott and Barlow,7 but without acid precipitation, and contained 1.45 X 10-8 counts/sec/infectious particle. This value is based on the amount of radioactivity which adsorbs to E. coli B under single infection conditions and represents about 85 per cent of the total P32 in the purified preparation. A culture of E. coli B, containing 30 jAg/ml of FUdR, was infected with the P32-labeled T2 at an input ratio of 8 phage per bacterium. After 50 min, the bacteria were lysed with chloroform and the debris removed by centrifugation. Phage was purified from half of the supernatant as such, while a known titer of unlabeled T2 phage was added as carrier to the other half before purification. About 5 per cent of the total phage was recovered as the final product in the first case, and this material had a specific activity of 1.4 X 10-8 counts/sec/infective particle. The specific activity of the phage progeny in the sample where a known amount of carrier T2 was added, calculated from the radiQactivity and the per cent yield of infectivity (about 18 per cent), was 1.65 X 10-8 counts/sec/infectious particle. These results, though they are subject to perhaps a 20 per cent error, reveal that most of the DNA in the few phage particles produced under FUdR inhibition was derived from the parental phage DNA. The fact that no phage could be recovered from lysates taken 10 min after infection rules out unadsorbed parental phage, or desorbed parental phage, as a possible source of error in these experiments.
Contribution from medium P3204: A bacterial culture containing FUdR was multiply infected with T2, then P3204 was added 2 min after infection. The cultures were lysed with chloroform 50 min later and phage purified as described above. lFrom the measured specific activity (counts/sec/,g phosphorus) of the medium and the radioactivity and DNA phosphorus content of the purified phage, the extent of newly synthesized DNA was calculated. This value amounted to about 2 to 8 per cent of the total DNA in the progeny phage.
Contribution from preformed bacterial DNA: Bacteria were grown in the presence of P3204 well into the logarithmic stage. They were then washed twice with nonradioactive medium and allowed to grow another 50 min in unlabeled medium in order to remove exogenous radioactive orthophosphate and free nucleotides. At this time, the bacteria were multiply infected with unlabeled T2 in the presence of FUdR. At 2 and 50 min later, samples were removed for purification of total DNA.9 16 At 55 min the remaining culture was lysed with chloroform and the phage purified as above. From the specific activity of the total DNA (which remained unchanged from 2 to 50 min) and the specific activity of the progeny T2 DNA, it was calculated that an upper limit of 10 per cent of the phage DNA could have arisen from preformed bacterial DNA. Since the possibility exists that the phage preparation may contain small amounts of bacterial particles, which are highly radioactive, this figure may represent an erroneously high estimate.
The conclusion from these isotope experiments is that, under conditions of multiple infection in the presence of FUdR, the major, possibly total, source of DNA for the small yield of phage produced is parental phage DNA antiserum. Leucine-C"4 was added to the cultures 2 min after infection. At 90 min, a sample was fractionated to remove acid-soluble material, lipid, and nucleic acids.9' 16 The protein residue was then resuspended in concentrated formic acid and dried on planchets for radioactivity measurements. To determine T2-specific protein synthesis, aliquots were removed at 30, 60, and 90 min, lysed with chloroform, and centrifuged, and samples of the supernatant mixed with T2 antiserum in the region of antibody excess. After incubation at 370 for 2 hr, the samples were refrigerated overnight. The pellets were centrifuged, washed four times with cold 0.1 ill N'aCl, then resuspended in 1 11 NH40H and plated for radioactivity assay. The results, shown in Table 3 , reveal that total protein synthesis is virtually the same in the two cultures, while T2-specific protein synthesis under FUdR inhibition occurs to an extent 60 to 70 per cent of that of the control culture. These data demonstrate that T2-infected E. coli, whose synthesis of DNA is blocked by FUdR, are capable of synthesizing T2-specific RNA and protein at a rate comparable to that occurring in uninhibited, infected cultures. Shug et al. 13 carried out similar experiments employing P"2-orthophosphate and S15-sulfate and observed that the incorporation of these isotopes into RNA and total protein, in the presence of FUdR, reached a level of about 73 per cent that of control cells.
Utilization of A ccumulated Protein.-Experiments were designed to ascertain whether T2 protein accumulated in the absence of DNA synthesis could be subsequently utilized in the formation of infectious phage particles. It seems highly unlikely that if such proteins are essentially completed head or tail macrostructures, they could be assembled into the organized T2 structure. It is quite possible, however, that a sufficient pool of precursor, or subunit, protein of these macrostructures exists at all times; these may condense into an infective particle when T2 DNA becomes available.17 Thus, if both the structural precursor protein and the T2-specific-induced enzyme protein were formed in the presence of FUdR, it was anticipated that upon reversal of inhibition, phage production should proceed with little lag. For optimal reversal conditions, we have found it necessary to remove the FUdR by centrifugation and washing, then to resuspend the infected bacteria in a medium containing thymidine and tenfold-diluted peptone broth.1 We compared, therefore, the extent of phage production upon reversal of FUdR with the normal rate of phage production in the same "reversal" medium. The results, shown in Table 4 , reveal that the rate of T2 production is markedly enhanced by a prior incubation in FUdR. These data, however, cannot be definitively assigned to the utilization of structural protein itself. An increased rate of T2 synthesis could be presumed from the action of the preformed T2-specific RNA and induced enzymes.
The utilizability of some T2 structural protein accumulated in the presence of FUdR could be confirmed by two independent approaches. In one experiment, after T2-infected E. coli B were incubated with FUdR for 60 min, the cells were washed free of the analog and placed in synthetic medium containing chloramphenicol (100 Ag/ml). The purpose of the addition of chloramphenicol is to permit the synthesis of T2 DNA but at the same time to block further protein synthesis. Ordinarily, the addition of chloramphenicol added late during the latent period prevents phage production for this reason. Upon removal of FUdR and addition of chloramphenicol, yields of phage progeny to the extent of about 10 infectious particles per infected bacterium are obtained. The production of phage is quite rapid; the maximum yield is obtainable in 15 min or less. It is also of interest that the yields cannot be increased by incubations in FUdR for longer than 30 min, but intervals in FUdR less than 20 min result in lowered phage production.
Similar results were obtained with a system involving the E. coli mutant, B94, which requires both adenine and arginine for growthl8 and for T2 synthesis.6 With this organism it is possible to stop T2 protein synthesis and allow only T2 DNA synthesis by removing arginine and adding deoxyadenosine.6 T2-infected E. coli B94 was incubated in the presence of aden'ne, arginine, and FUdR, then washed free of these materials, and placed in synthetic medium containing deoxyadenosine. In the latter medium, phage yields of about 10 per bacterium are produced. The general characteristics of the system are essentially similar to those obtained with chloramphenicol addition to E. coli B.
Comparison with the leucine-C14 incorporation data reveals that the phage yields in these experiments are much lower than would be expected had complete utilization of the T2-specific protein occurred: In all likelihood, much of this preformed protein exists as terminal structures, beyond the point of use for assembly into complete T2 particles.
Stepwise Dissociation of RNA, Protein, and DNA Synthesis.-The use of the mutant, B94, together with FUdR affords us a means of isolating from each other the processes of T2-specific RNA synthesis, protein synthesis, and DNA synthesis. In this way, it can be shown that these reactions, proceeding independently in this order, will result in a definite yield of infectious phage.
The host, B94, was infected with T2 in the presence of FUdR and adenine and absence of arginine. DNA and protein synthesis are prevented, some T2-specific RNA accumulates,6 but no phage is produced, as shown in Table 5 . After 60-min incubation, the infected bacteria are centrifuged, washed, then incubated an It is noteworthy that if the terminal culture contains arginine in addition to deoxyadenosine, no increase in phage yield is obtained (Table 5 ). This result would indicate that the messenger RNA had already been used, and, although arginine was present, no further protein synthesis occurred in the absence of further RNA synthesis. Although these data do not necessarily preclude a catalytic action for the RNA, they do indicate a definite time limit in its biologic effectiveness.
Discussion and Conclusions.-The foregoing observations lead us to conclude that the inhibitory action of FUdR on T2 bacteriophage production is a block in the de novo synthesis of DNA as expected, and an inhibition of the conversion of bacterial DNA to T2 DNA by a mechanism not presently known. We ascribe the absence of phage production in singly infected cells, compared to the low, but definite, phage yield obtained from multiply infected cells, to the following series of events. Parental T2 DNA undergoes fragmentation after entering the host. '4 Replication of intact DNA is virtually eliminated by FUdR. In multiply infected cells, repair of DNA can be made by utilization of a pool of parental DNA fragments, or subunits, adequate for the re-formation of only one to three complete DNA molecules. The possibility exists that replacement of some nucleotides deleted by hydrolysis must occur prior to the joining of such subunits.
The observation that T2-specific RNA and protein are synthesized at a reasonably normal rate in the virtual absence of DNA synthesis strongly suggests that the DNA template(s) for the synthesis of DNA-like RNA are stable and do not have to undergo continued renewal. The protein, synthesized together with T2-specific RNA or synthesized subsequent to the accumulation of T2-specific RNA, seems to be of a normal composition. Part of the T2 structural protein accumulated in the absence of T2 DNA synthesis can be quickly incorporated into mature phage particles with the onset of DNA synthesis. The molecular nature of the usable protein remains a subject under current investigation.
